A hemispheric general circulation model set up for annual mean conditions has been used to investigate the consequences of varying the obliquity from 23.5* to 0* and 65*. Such obliquity values have been claimed to have occurred in past eras. The 0* obliquity climate is more vigorous than the existing climate, but also drier and colder at the surface at high latitudes. However, overall a slight warming of the troposphere occurred in the model. Two experiments were performed for 65* obliquity, both had low albedoes at high latitudes, while one had glacial albedoes at low latitudes. For annual mean conditions there was virtually no tropospheric latitudinal temperature gradient in the first experiment, and consequently greatly reduced mean zonal winds and baroclinic activity. The second experiment had minimum surface temperatures in the tropics, but still sufficiently high to prevent glacial conditions prevailing, and consequently a tropical easterly jet maintained by a "reversed Hadley cell" . Other aspects such as the simulated hydrology, energy exchanges, etc.
Introduction
The obliquity, or angle of tilt of a planet's axis from the vertical, is generally surmised to play an important role in that planet's climate. Thus the potential climatic effects on the Earth of small obliquity variations, * 1.5* from the current value of 23.5*, associated with the Milankovitch theory of glaciation have recently been discussed by Kukla et al. (1981) . However, over the last 100 years or so there have been numerous claims in the literature that very large obliquity variations have occurred on Earth during past ages. For example, based on palaeobotanical evidence Wolfe (1978) has suggested that about 45 million years ago the Earth's obliquity was only 5*. At the other extreme Williams (1975) on geological grounds has hypothesized that the obliquity was greater than 54* during the late Precambrian (about 800million years ago) in order to account for the existence of low latitude glaciation.
Since comprehensive reconstructions of palaeoclimates are difficult to obtain from experimental data it is important that alternative tests of the above obliquity variations should be performed.
General circulation models of the atmosphere provide a unique tool for such assessments, as they are able to synthesize the climate in a dynamically consistent manner for selected variations in boundary conditions. To date most general circulation models have been used very conservatively as regards this potential, but it is to be hoped that a more imaginative exploitation of their capabilities will occur in the future. The present study arose in response to comments by Williams (1980) on a prior experiment, Hunt (1979, 1980) involving large variations of the Earth's rotation rate; the current experiment is concerned with comparing the climatic states of the Earth for obliquity values of 0*, 23.5* and 65* as simulated with a general circulation model. Only the basic climatic response will be con-sidered here, the palaeoclimatic implications will be discussed elsewhere.
Model description
The general circulation model used has been described in some detail previously by Hunt (1976) . Briefly it is a northern hemispheric gridpoint model based on a stereographic projection with 20 points between the pole and the equator. It has 18 vertical levels distributed between the surface and 37.5km. The model is non-diurnal, annual mean and devoid of topography, but includes the hydrologic cycle and a comprehensive radiation scheme employing zonal mean climatological clouds, water vapour, ozone, carbon dioxide and surface albedoes. The surface temperature is calculated using a 'swamp' condition everywhere, implying zero heat capacity but an infinite source of water.
The 23.5* obliquity experiment is the control or standard simulation, which gives a fair representation of the annual mean atmosphere as discussed in detail in Hunt (1976) . The 0* obliquity experiment (OBL1) differed from the control only as regards the mean solar zenith angle used in the radiation calculations, which was redefined with values appropriate to this obliquity. Two experiments were performed for 65* obliquity. In addition to having redefined mean solar zenith angles, experiment OBL2 had its high polar albedoes reset to 0.1 in the expectation that surface temperatures too high to maintain snow or ice would exist at these latitudes for 65* obliquity. The second experiment, OBL3, had the same modifications as OBL2 but with the low latitude albedoes reset to annual mean ice and snow values, to provide a fair check of the tropical glaciation theory for such an obliquity. The latitudinal variation of the zonal mean albedoes used is given in Fig. 1 .
In addition to these experiments a "noise" run was also made to provide a quantitative measure of the natural variability of the basic model. This consisted of inserting, at the 500mb level, random temperature perturbations in the range * 1*K into an initial model field taken from the control, and running the model out to equilibrium.
The use of a hemispheric, annual mean model in these experiments requires some comment. The OBL1 case is probably reasonably represented by the model, as no seasonal or interhemispheric variations would occur for this situation.
As regards OBL2 and OBL3 the 3. 0* obliquity experiment
The zonal mean results presented in this paper have been time averaged over a period of about 70days, following an initial adjustment phase in which equilibrium was attained. Although only O BL1 is discussed in this section some of diagrams will contain results for OBL2 and OBL3 for compactness of presentation.
From astronomical considerations it follows that averaged over a year the solar input at high latitudes for 0* obliquity is reduced compared with the control, with the reverse situation applying to the tropics. Consequently colder polar and warmer tropical temperatures would be expected in OBL1, and thus a somewhat more intense version of the control climate. Implicit in this statement is the proviso that polewards heat transports are not so enhanced that they substantially counter the altered solar input. The comparison of temperatures in Fig. 3 confirms that near the surface polar temperatures for OBL1 were in fact about 10*K cooler than the control, while being around 1*K warmer in the tropics. However, over most of the troposphere OBL1 was warmer than the control, as indicated in Fig. 3 , while over most of the stratosphere it was colder both at high and low latitudes. Thus a simple response to the obliquity change was not obtained.
As expected from the thermal wind equation there was a slight intensification of both jet cores of the mean zonal wind in OBL1 compared to the control, see Fig. 4 , while in the mid-latitude middle troposphere the winds were slightly stronger in the control. The mean meridional streamfunction in Fig. 5 shows a marginal strengthening of the Hadley and Ferrel cells in OBL1, but the most noticeable difference was the weaker polar (3rd) cell in the control run. The latitudinal precipitation rate was almost identical in the two experiments, while the evaporation rate was slightly higher at low latitudes and reduced polewards of 45* in OBL1. The latter variations essentially reflect the surface temperature differences, although their crossover point was at 33* latitude. with the gradient being reversed in the top level. In OBL3 the low latitude temperatures were less than in OBL2, by about 10*K at the equator, in conformity with the higher surface albedoes.
Even then the equatorial surface temperature of about 284*K was well above freezing point. Polewards of 25* latitude OBL3 had very similar temperatures to OBL2, and again almost no latitudinal temperature gradient. The tropospheric temperatures in Fig. 3 are basically implied by the solar input variations in Fig. 2 . Fig. 7 Vertically integrated polewards fluxes of total heat owing to large scale eddies.
The associated mean zonal wind distributions in Fig. 4 essentially follow from the temperature variations. For OBL2 the westerly jet cores were very weak, although west winds still prevailed over most of the troposphere. The low latitude stratospheric easterlies on the other hand strengthened and extended very considerably. The situation for OBL3 was even more extreme, because the reversal of the low latitude temperature gradient resulted in the domination by east winds. The westerly jet cores were entirely removed, with the strongest winds now being easterlies located in the tropics where the maximum wind intensity attained was 34ms-1. The conventional tropical surface easterlies were replaced by westerlies as the "Hadley cell" reversed its direction.
This situation is illustrated in Fig. 5 where the mean meridional streamfunctions are compared. For OBL2 essentially only a remnant of the control streamfunction persisted, with intensities reduced to 1/5th. However, it should be noted that owing to the numerical techniques used to produce the streamfunction, the Hadley cell in OBL2 appears somewhat more sharply defined at the equator than the actual mean meridional wind distribution there would suggest. Given the uniformity of the tropospheric temperature distirbution for OBL2 it is perhaps surprising that a Hadley cell existed at all. In the case of OBL3 both the troposphere and stratosphere were dominated by a large reverse cell emanating from the B.G. Hunt 315
tropics. The production of such a cell in OBL3 is reasonable in view of the tropical energy imbalance relative to higher latitudes, and this situation should be contrasted with that in the control run which results in the Hadley cell. The maximum intensity of the indirect cell in OBL3 was about 80% of the Hadley cell in the control. An extremely weak direct cell existed near 30* latitude but appears to be of little influence. The isothermal nature of the extratropical atmosphere in OBL3 presumably deterred the production of a series of independent cell such as occurred in the control. The differences between OBL2 and OBL3 in Fig. 5 were entirely attributable to the higher tropical surface albedoes in OBL3, and provide a very powerful illustration of the potential for surface albedo variations to influence the climate. Before discussing how the climatic states of OBL2 and OBL3 were maintained it is advantageous to consider the synoptic distributions. For example the surface pressure charts for OBL3, and particularly OBL2, were almost featureless, as were the surface temperature distributions. In the troposphere there were more signs of wave activity and Fig. 8 is a representative example of the model behaviour. Compared to the control OBL2 had a remarkably uniform zonal wind distribution, while its meridional wind was not only weaker but apparently of higher wave number and different character. OBL3 was far more active than OBL2 with meridional velocities much closer to those of the control in character, if not in intensity. The strong easterly jet associated with the reversed temperature gradient at low latitudes in OBL3 is very clearly shown in Fig. 8 . It had a more coherent structure than the westerly jet core in the control because of the weak, secondary role of the large scale eddies in OBL3 (and OBL2). The angular momentum for the tropical easterlies in OBL3 was supplied by the mean meridional motions as might be deduced from Fig. 5 . Excessive east winds were prevented by large scale eddies converging westerly 'momentum into the region of the tropical jet core. The overall angular momentum balance in OBL2 was similar to that of the control, but of much reduced intensity.
Considerable insight can be obtained into how the temperature distributions for OBL2 and OBL3 evolved from examination of Fig. 2 . At low latitudes the surface temperatures for the experiments were ordered in relationship to the solar radiation absorbed at the surface, and were clear, north winds 0-10ms-1; stippled, north winds above 10ms-1. The colour coding for the zonal velocity is: black, east winds above 30ms-1; double hatching, east winds 0-30ms-1; clear, west winds, 0-30ms-1; stippled west winds above 30ms-1. All results are for a height of 10.9km. much as expected. At polar latitudes Fig. 2 sug- gests that somewhat higher surface temperatures than obtained might have been expected in both OBL2 and OBL3. Such temperatures did not eventuate because convective activity was very much stronger in the polar region than in the control, owing to the higher temperatures, and the incoming solar energy was efficiently distributed throughout the depth of the troposphere. Fig. 2 also indicates that essentially isothermal surface temperatures might be expected from 60* to the equator in OBL2 and from 60* to 25* in OBL3, as shown in Fig. 3 . Fig. 10 Rate of change of temperature at level 17 (2.4km) awing to convection for the 3 experiments. The radiative cooling for the control only is shown for simplicity, this cooling for OBL2 and OBL3 was very similar to that of the control. radiative cooling and the convective heating, as shown in Fig. 10 for a height of about 2.5km. In contrast the control run indicates that a substantial additional heating term (convergence of large scale eddy polewards flux of sensible heat) was needed at high latitudes. At low latitudes in the control the heating and cooling associated with the vertical motions of the mean meridional circulation dominated and largely counteracted the convective term. Similarly the opposite impact of the reversed cell for OBL3 can be distinguished. Not unexpectedly in view of Figs. 3 and 4 OBL2 and OBL3 had much less kinetic energy and available potential energy than the control. Nevertheless, the baroclinic energy cycle between eddy available potential energy and eddy kinetic energy prevailed, and the usual energy transfers occurred except for a reversal in the direction of the zonal to eddy available potential energy transfers. An interesting perturbation occurred in the wave energy vertical flux of geopotential height, which for the control showed maximum interaction between troposphere and stratosphere occurring at high latitudes, see Hunt (1976) . In OBL2 this flux maximised in the tropics in conjunction with the very weak winds prevailing there, while in OBL3 this flux was located in the subtropics, with its maximum value greatly reduced, presumably in agreement with the requirements of the Charney-Drazin theory for strong east winds.
The latitudinal distribution of the atmospheric water vapour followed closely that of the tropo-spheric temperature distribution. The highest hemispheric mean precipitable water vapour amount was in OBL2 and the minimum in OBL3, but the range varied only from 2.7*10-3 to 2.2*10-3kgkg-1.
Again an examination of the zonal mean relative humidity in the 3 experiments revealed surprising overall similarities, the major difference being in OBL3 where the reversed tropical cell had increased the subtropical and reduced the tropical relative humidity. This suggests that a cloud forecasting scheme based on relative humidity might have produced rather similar zonal mean cloud amounts in the 3 runs, except for the low latitudes of OBL3. Any reduction in cloud cover in the tropics of OBL3 would, of course, tend to counter the surface temperature reduction caused by the high albedoes.
The precipitation and evaporation characteristics also changed markedly at high obliquity, with consequent climatic implications. Whereas the control run had a monotonically decreasing equator-to-pole zonal mean evaporation distribution, that for OBL2 was relatively flat except for a local maximum at low latitudes. OBL3 had a similar distribution except for a minimum in the tropics. These variations essentially followed from the surface temperature profiles. It should also be remembered that an underlying swamp condition was assumed. The precipitation rate for OBL2 identified very closely with its evaporation distribution, and while the tropical maximum was less than half of the control, the high latitude precipitation was more than doubled. Again OBL3 was very similar to OBL2 except for a tropical minimum.
In fact the tropical precipitation for OBL3 was about 13times smaller than for the control, a result directly related to the reverse mean meridional cell in this region. The net imbalance between precipitation and evaporation is illustrated in Fig. 11 for the 3 runs. Clearly OBL2 was basically in local balance at all latitudes, as implied by Figs. 5 and 9.
The reversal of the mean meridional cell in the tropics between the control and OBL3 is reflected in Fig. 11 , but polewards of 30* latitude a local balance also occurred in OBL3.
Concluding discussion
For 0* obliquity the current experiment suggests that, in general, the climate would be somewhat more vigorous, while at high latitudes it would be harsher, colder and have reduced pre-
cipitation. An overall contraction in the extent of the habitable zone could be expected. These conclusions, of course, are valid for current geography, cloud cover, etc., which might not necessarily apply for some past era when a smaller obliquity could have occurred, thus opening the possibility for additional climatic perturbations. In the case of the 65* obliquity the model results are more difficult to interpret because of the extreme seasonality which would occur in practice. Assuming that the model did adequately represent conditions appropriate to the annual mean, then it appears that low latitudes would be much drier and colder throughout the year, but not glaciated. OBL3 may represent summer conditions for 65* obliquity as regards the latitudinal temperature gradient (rather than the actual temperatures) thereby implying that strong tropospheric easterlies would occur at low latitudes at this time. In fact a monotonic temperature gradient directed from the summer to the winter pole should exist, suggesting that the low latitude easterlies might extend over the equator, due to mean motions, to be replaced at higher winter latitudes by strong west winds. Obviously the polar regions would experience long, cold winters and long, hot summers. Because of the coldness of the winter atmosphere and its inability to hold water vapour snowfall would be reduced and it would melt entirely during the summer. On the other hand sea ice, for current geography, should readily form with its depth ultimately being limited by the conductivity of the ice itself. This might prevent the production of such thick sea ice that it could possibly sur-
